National Health Interview Survey (NHIS) estimates more than 1.1 million burn injuries per year in the United States, with nearly 15,000 fatalities from wounds and related complications. An imaging modality capable of evaluating burn depths non-invasively is the polarization-sensitive optical coherence tomography. We report on the use of a high-speed, fiber-based Mueller-matrix OCT system with continuous source-polarization modulation for burn depth evaluation. The new system is capable of imaging at near video-quality frame rates (8 frames per second) with resolution of 10 µm in biological tissue (index of refraction: 1.4) and sensitivity of 78 dB. The sample arm optics is integrated in a hand-held probe simplifying the in vivo experiments. The applicability of the system for burn depth determination is demonstrated using biological samples of porcine tendon and porcine skin. The results show an improved imaging depth (1 mm in tendon) and a clear localization of the thermally damaged region. The burnt area determined from OCT images compares well with the histology, thus proving the system's potential for burn depth determination.
INTRODUCTION
National Health Interview Survey (NHIS) estimates more than 1.1 million burn injuries per year in the United States. Approximately 45,000 of these injuries require hospitalization and roughly 4,500 people die. In addition, up to 10,000 people in the United States die every year of burn-related infections. 1 A burn is defined as tissue damage caused by a variety of agents, such as heat, chemicals, electricity, sunlight, or nuclear radiation. The clinical significance of a burn depends on the depth of the burn and the area affected by it. 2 Traditionally, burns were classified using a degree scale. Lately, a new nomenclature has gained recognition were burns are primarily classified according to their depth and the tissue layers involved. 3 In superficial burns, the dermis is spared and often the epidermis, although devitalized, still exists. Superficial partial-thickness burns extend through the epidermis into the papillary layer of the dermis, while deep partial-thickness burns affect the reticular layer of the dermis. Finally, full-thickness burns extend through the epidermis and dermis into the subcutaneous 4, 5 which uses changes in polarization properties of thermally damaged tissue to assess the extent of burn injury. The birefringence seems to be the parameter that reveals the most information about the extent of the thermal damage.
As a branch of PS-OCT, Mueller-matrix OCT 6 can provide complete characterization of the polarization properties of a sample by measuring the depth-resolved Jones matrix. A system with a single light source and continuous modulation of polarization states was previously reported by our group. 7, 8 This time, we report on the use of an improved high-speed, fiber-based Mueller-matrix OCT system with continuous source-polarization modulation for burn depth evaluation. The new system is capable of imaging at near video-quality frame rates (8 frames per second) and it has an improved depth penetration and resolution compared to the previous system. The applicability of the system for burn depth determination was demonstrated using biological samples of porcine tendon and porcine skin.
EXPERIMENTAL SETUP
The high-speed, continuously modulated, polarization sensitive Mueller-matrix OCT system is shown in Fig. 1 . The light from the super-luminescent diode (Superlum; λ 0 =1.3 µm, FWHM-BW=60 nm, output power 10 mW) is vertically polarized by a linear polarizer LPV. A polarization modulator (Conoptics; fast axis at 45º) continuously modulates source-polarization state with 140 kHz sinusoidal waveform to ensure that multiple cycles of polarization states are applied to each segment of a depth scan. A linear polarizer oriented at -45º (LP -45) is placed in the reference arm to ensure equal intensities of reference light in both orthogonal polarization states. The reference arm and the sample arm incorporate single mode optical fibers. A collimating lens, B-scan mirror and a focusing lens in the sample arm are integrated in a hand-held probe, which makes the in vivo experiments convenient. Two BK7 prisms are used in the sample arm for dispersion compensation and to adjust the height of the beam. A grating-based rapid scanning optical delay (RSOD) 9 line is used for longitudinal scanning. The combined sample and reference light is split into horizontal and vertical polarization components by a polarizing beam splitter. The two orthogonal polarization components of the interference signal are detected by two photodiodes. The details of the algorithm for extracting the round-trip Jones matrix from the orthogonal intensity measurements are given in our previous paper. 8 Slightly modified formulae including necessary modifications caused by the improvements in configuration of the sample and the reference arms were used here.
RESULTS
First, we verified the system's performance by measuring resolution and sensitivity. The resolution, which depends on the characteristics of the light source, was measured at 14 µm in air (10 µm in biological tissue assuming the index of refraction of 1.4), which is comparable with the theoretical value of 12.5 µm. Sensitivity was measured to be 78 dB.
Next, we proceeded to evaluate burn depths in porcine tendon and porcine ear skin ex vivo. The sample preparation included bathing the tendon in saline solution and scrubbing skin samples with glycerin after the hair was removed with hair removing lotion. For each sample, the measured Jones matrix at the sample surface was used to eliminate the polarization effect of the sampling fiber.
In the case of porcine tendon, a burn was induced on the side surface over the period of 20 seconds with the thermal cautery unit (Geiger Medical Tech.) heated to 90 o C. The intensity (a) and phase retardation (b) images of the thermally damaged porcine tendon are shown in Fig. 2 . A typical banded structure seen in retardation image is clearly observable up to the depth of 1 mm, which is an improvement of approximately 0.3 mm over the previously reported results. 5, 7 It results from the birefringence in porcine tendon and is the effect of 180 degree phase wrapping in phase retardation. While the intensity image does not show visible structural differences between intact (left of the white stripe) and burnt (right of the white stripe) areas, the phase retardation image exhibits clear disappearance of banded structure in the area marked with the dotted line. Since the type I collagen fibers are the predominant structure influencing the birefringence of tendons, the loss of birefringence can be attributed to the denaturation of collagen due to the exposure to high temperatures. The system is obviously capable of clearly localizing the burn location since the boundary of the affected region is well defined. Application of the system in burn depth determination was further investigated by imaging the porcine ear skin burnt for 20 seconds with the cauter heated to 150 o C. Upon completion of the OCT imaging, the skin tissue was fixed in 10% buffered neutral formalin and the paraffin-embedded tissue was sectioned and stained with
•. :;_ 1.2 nrn, 0.13 nrn hematoxylin and eosin (HE). For polarization microscopy unstained histological sections were deparaffinized and cover slip with water mount media. The stained sections were examined under an Olympus light microscope with 4X magnification to examine the thermally induced changes. Fig. 3 shows the OCT intensity (a) and phase retardation (b) images of a porcine skin sample after burning. Also, HE stained (c) and polarization (d) histology pictures are included for comparison. Again, the loss of birefringence is visible in the affected region marked with a line in Fig. 3. (b) , (c), and (d) and can be attributed to the destruction of collagen-based connective tissue in the dermis. Although there are some changes in the intensity image as well, burn depth cannot be determined from this image. Comparison of phase retardation image with histology shows a good agreement in determining the burn depth. The ratio of burn's width and depth as determined from the retardation image is 2.60 and agrees well with the same ratio obtained from the histology, which is 2.67. The difference in absolute lengths can be attributed to tissue shrinkage due to formalin fixation and the fact that the histology cut was potentially performed at a position slightly different from the one imaged with the OCT system. Based on the depth of the burn it can be classified as a fullthickness burn. Epidermis depth in the healthy region is also indicated in retardation (0.16 mm) and HE image (0.13 mm) and shows a smaller difference between the two, which can be solely attributed to the post-fixation shrinkage. 
CONCLUSIONS
In summary, we presented a high-speed, fiber-based Mueller-matrix OCT system with continuous sourcepolarization modulation and showed its applicability for burn depth determination. The system has an improved depth penetration, which was demonstrated in porcine tendon images. It is capable of accurately localizing changes in polarization properties due to thermal damage of tissue and, hence, has a potential to aid physicians in determining the extent of burn injuries.
A further extension of this work will include in vivo imaging of porcine skin, as well as the monitoring of the healing process over an extended period of time. The ability of the system to show the changes in optical polarization properties of tissues can lead to an efficient technique to instantaneously observe the post-burning recovery.
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